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Nitration is one of the most studied and best understood of organic reactions (for reviews, see refs. [1] [2] [3] [4] . Both aromatic and aliphatic compounds can be nitrated by various methods such as heterolytic (electrophilic and nucleophilic) and radical nitrations. Aromatic nitration is most frequently electrophilic; aliphatic is free radical. Nitroaromatic compounds are of substantial use as intermediates in the synthesis of plastics, pharmaceuticals, dyestuffs, explosives, insecticides, etc.; nitroaliphatics are used as solvents and synthons in organic synthesis.
In regard to aromatic nitration, Ingold and his associates published a series of papers in 1950 which ever since have been considered the most fundamental study in our understanding of electrophilic nitration reactions (for a review, see ref. 5) . Despite this, many questions remained unanswered and many new aspects of nitration reactions have been discovered. Nucleophilic and free radical nitration of aromatics is considerably less studied. Aliphatic nitration, most frequently carried out in the gas phase under free radical conditions, is of increasing interest.
In the 1980s, the subject of nitration is still of substantial interest and activity. This is the case concerning new preparative aspects as well as mechanistic aspects with particular emphasis on the nature of the reactive intermediates involved. The following review summarizes results of our ongoing research on nitration in recent years.
PREPARATIVE ASPECTS Nitration with Nitronium Salts. The Ingold group (5) clarified the nature of the salt obtained by Hantsch (6, 7) from the reaction ofnitric and perchloric acids as a mixture of nitronium perchiorate and hydronium perchlorate. They subsequently prepared and studied (by Raman spectroscopy) pure nitronium perchlorate (5) . This wvas a significant step because it directly proved the existence of the nitronium ion suggested by their kinetic studies. However, nitronium perchlorate was unstable (explosive) and therefore it was not further studied.
Preparation of stable nitronium salts as nitrating reagents necessitated the use of counterions that could give no unstable esters. Olah and Kuhn reported the preparation of nitronium tetrafluoroborate and its application as a nitrating agent (8) (9) (10) Tables 1-4. In mono-or dinitration of aromatics, nitronium salts generally react under quite mild conditions, and yields are 80-100%.
Trinitration of aromatics, particularly of benzene, represented a challenging problem. Although the preparation of 1,3,5-trinitrobenzene from rn-dinitrobenzene has been reported in low yield (11), 1,3,5-trinitrobenzene is usually prepared by indirect methods (12) . The nitration of m-dinitrobenzene to 1,3,5- Nitration with Alkyl Nitrates. In our studies of electrophilic nitrations, we also found alkyl nitrates (particularly CH11NO3) to be very effective nitrating agents in the presence of BF3 as a catalyst (13, 14) . The reaction was found to be particularly useful as a selective and mild nitration method-for example, allowing mononitration of durene and other highly alkylated benzenes which, when with mixed acid, usually undergo dinitration (Table 5 ). CH3NOJBF3 also can be used to achieve dinitration of tetramethylbenzenes by using a 2-3 molar excess of CH3NO3. Other Friedel-Crafts type catalysts can also be used, but BF3 was found to be the most suitable. AIC13 and Ti(IV)C14 in the nitration of pentamethylbenzene caused formation of significant amounts of chlorinated derivatives, whereas use of H2SO4 led to nitrodemethylation products. Acetone AgNO3 is a highly efficient nitrating agent under these reaction conditions. We have been able to carry out selective mononitrations of polymethylbenzenes to obtain the corresponding nitroalkylbenzenes in excellent yields (Table 5) All nitrations were carried out in tetramethylene sulfone solutions. * Halogen exchange to acid fluoride takes place with byproduct HF.
Our studies showed that preparative nitrations with n-butyl nitrate and acetone cyanohydrin nitrate catalyzed by a perfluorinated resin-sulfonic acid (Nafion-H) provide the cleanest method yet known for nitrations of aromatics (20) Transfer Nitrations with Nitro and Nitrito Onium Salts. Zollinger and co-workers (26) showed that addition of 2 equivalents of water changes the substrate reactivities observed in nitronium salt nitrations to those conventionally observed in HNO3 solutions. A more detailed study of the competitive nitration of toluene and benzene in the presence of a series of nucleophiles was undertaken. The results, summarized in Table  8 , show that the ktoluenekbenzene rate constant ratios are in the range 2-5 when 1 equivalent of alcohol, ether, or thioether is added but are 25-66 when 2 equivalents ofthe nucleophile are used. The relative reactivity of the nitrating agent in the presence of added nucleophiles is in the decreasing order ROH > ROR > RSR. The isomer distributions, however, are similar. The data are best interpreted in terms of the nitronium ion reacting with the n-donor nucleophile forming an 0-or S-nitro onium ion intermediate, which can either reverse, or transfer Table 8 . Competitive nitration of benzene and toluene with N0WPF? and NO4PF-in the presence of alcohols, ethers, thioethers, sulfoxides, and N-oxides in CH3NO0 at 250C Y = PFJ, BF7; X = O. S; R = alkyl, H. In the course of our studies, we have also prepared N-and S-nitrito onium salts and found them to be electrophilic nitrating agents in their own right (27) . The dimethylnitritosulfonium ion and N-nitrito4-nitropyridinium ion were prepared from nitrosonium hexafluorophosphate and dimethyl sulfoxide or 4-nitropyridine N-oxide, respectively. activated aromatics, such as phenols and anilines). nit in toluene to that in benzene.
According to Ingold (5) , the reactivity of a nitrating agent, X-NO2, is proportional to the electron affinity of X. As a consequence, it is obvious that differences in species such as .'Dnu-View: Olah et aL R4XN02, RtXONO, and R-X-NO2 play an important role in these reactions. Furthermore, these studies indicated the ambident reactivity of the nitronium ion.
Ambident Reactivity of the Nitronium Ion. Nitronium hexafluorophosphate (tetrafluoroborate) was found to react rapidly at -780C with diaryl, arylalkyl, and dialkyl sulfides, affording sulfoxides as the major products (28) . Selenides, phosphines, arsines, and stibines react equally readily, giving the corresponding oxygenated products. In the case of diphenyl sulfide, less than 5% ofcompeting ring C nitro products were obtained.
These observations suggest that the intermediate nitrito oniumn ion (X'-ONO) is in equilibrium with the related nitro onium ion (X+-NO2). The ambident reactivity of NO2 and NOq is well known from the literature. The suggested equilibrium was confirmed by carrying out trans-nitrosation of N,N-dimethylaniline in the presence of these onium salts. 13C, 15N, and 3 P NMR studies of the onium salts showed that nitro onium salts are irreversibly transformed into nitrito onium salts either upon raising the temperature or during prolonged reaction times. The ambident nature of the nitronium ion has far-reaching implications in the industrial nitration ofaromatics, in which phenolic products could be arising by attack through the oxygen of the nitronium ion.
Reversibility of Electrophilic Aromatic Nitrations. Acid-catalyzed nitration is a typical electrophilic aromatic substitution reaction. Nitration is generally considered to be an irreversible reaction, and nitroaromatics, in general, do not undergo rearrangement or isomerization under the reaction conditions; however, some isomerization ofthe nitroarenium ion intermediates has been observed (29 We have recently obtained unequivocal evidence for the reversibility of electrophilic aromatic nitration by observing superacid-catalyzed transfer nitration of mesitylene and toluene by 9-nitroanthracene and pentamethylnitrobenzene, respectively, and isolating the product nitromesitylene and nitrotoluenes (35 (27, 42) . Accordingly, Olah proposed (43, 44) a three-step mechanism in which the first step determines the substrate selectivity (if rate controlling) and the second step, the positional selectivity. Thus, for a given substrate the reactivity of the nitrating agent determines which of the two transition states is of highest energy. The same applies to variations of the basicity of aromatic substrates in a given nitrating system. Schofield and co-workers (45) similarly found that, in nitric acid nitration in strong acids, substrate selectivity only may be lost, and they also formulated the formation of an intermediate prior to the ar complex.
The nature of the first intermediate has been discussed by Olah (43, 44) in terms of t-complex character. The fast nitric acid nitrations were interpreted by Schofield and co-workers (45) to be a result ofmicroscopic diffusion control with formation of the first intermediate at the encounter rate-accordingly named "encounter pair"-in which there is no significant interaction between the reactants. Nitronium salt nitrations have been discussed in terms ofmacroscopic diffusion control (mixing control) (46) . However, we consider this inadequate to explain many of the experimental observations. Although mixing control for very reactive species (mesitylene, durene) has been suggested (47, 48), there is no evidence for the fundamental cases ofbenzene and toluene. On the contrary, the fact that a reverse isotope effect was found for nitration of heavy and light benzene and toluene (49, 50) (kH/kD = 0.81) renders mixing control, if present at all, of minor importance.
Formulation of the first intermediate in terms of v-complex nature is strongly supported by the recent observation of a nitronium ion charge transfer complex, reported by Fukujumi and Kochi (51) between m-tolunitrile and nitronium tetrafluoroborate. In their elegant study they also suggested, for various slow electrophilic aromatic substitutions, the occurrence of a CT complex prior to a-complex formation on the reaction pathway. It is noteworthy that the calculated diffusion barrier for encounter pair formation (t6 kcal/mol) (4) is similar in magnitude to that of CT complex formation in general (s4 kcal/ mol) (52) . Also, the correlation ofcalculated encounter rate with solvent viscosity has only been shown for HN03 nitration in strong H2S04 and 13P04 (4).
The proposal of initial one-electron transfer between the nitronium ion and the aromatic substrate, recently reemphasized by Perrin (53) , resulting in a radical-radical cation pair prior to the formation of the a complex is in fact only an extreme of the ir-complex formulation. A full one-electron transfer can occur if the ionization potential and electron affinity for the reactants are compatible prior to electronic interactions, and it is named "outer sphere mechanism" in molecular complex terminology (54, 55) . Although nitrations with very reactive aromatic substrates are likely to be subject to one-electron transfer, this is not the case for benzene and toluene and it seems not even for naphthalene. For an argument against the electron-transfer mechanism in the nitration of mesitylene, see ref. 56 . Perrin (53) found in the 'electrochemical nitration" of naphthalene, by generation of the naphthalene radical cation in the presence of NO,', the a/f3 isomer distribution of 9, similar to that of the HNOJH2SO4 nitration, 11 
